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Abstract
In automotive engine combustion, particularly in case of compression ignition in diesel engines, physical properties 
of the fuel have a direct impact on the spray combustion process. The density, kinematic viscosity, surface tension, 
and distillation properties of triterpenic hydrocarbons extracted from the BOT-22 strain of Botryococcus braunii
(called Bot-oil) were measured, and these properties were compared with those of standard diesel fuel. The density 
and surface tension of Bot-oil were almost the same as those of the diesel fuel. However, the kinematic viscosity of 
Bot-oil was 55 to 58 cSt at room temperature, which was 16 times higher than that of the diesel fuel. In addition, the 
distillation temperature of Bot-oil was approximately 430°C, which was over 100°C higher than that of the diesel fuel.
To attain the properties required for fuel, a cracking technology for Bot-oil must be established.
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1. Introduction 
Two types of internal combustion engines are typically used in automobiles. The first is the spark 
ignition engine, which uses gasoline as its fuel. In this case, a typical alternative biofuel is biomass-
ethanol or ethyl tertiary butyl ether. The second is the compression ignition engine, which burns the diesel 
fuel (or gas oil). For this engine, typical alternative biofuels include biodiesel fuels such as fatty acid 
methyl ester (FAME). FAME and bio-ethanol have attracted worldwide attention as alternative liquid 
biofuels. However, these fuels contain oxygenates, which are detrimental to the systems of an internal 
combustion engine [1]-[5]. The problems that may occur are as follows: 
Nozzle deposits, erosion, and corrosion,  
Increased emissions (NOx, hydrocarbons, CO, soot, and particulate matter), 
Increased fuel consumption, 
Larger fuel tanks, and thus the need to inject more fuel into the engine. 
These problems are caused by poor chemical stability, differences in the properties of the fuel from a 
current standard fuel, small volumetric heating values, and the fact that the fuels contain oxygen. Thus, 
they cannot be used alone or as a large proportion of a blend with a current standard fuel [2]. Therefore, to 
be successful, a liquid biofuel should have the characteristics of a non-oxygenated hydrocarbon. Most 
microalgae produce and accumulate oils as triglycerides [6], [7], but only Botryococcus braunii produces 
and accumulates oils as non-oxygenated hydrocarbons [8], [9]. Thus, this species is an extremely 
interesting candidate for synthesizing hydrocarbons that can be used for fuel in the future.  
The BOT-22 strain of B. braunii produces a triterpenic hydrocarbon (C34H58) with over 90% purity and 
offers an interesting alternative for fossil fuels. Henceforth, in this report, we will refer to the hydrocarbon 
oil extracted from this strain of Botryococcus as “Bot-oil.” In automotive engine combustion, particularly 
in case of compression ignition in diesel engines, physical properties of the fuel have a direct impact on 
the spray combustion process [10]. For an optimal combustion process, it is important to control the spray 
droplet size, amount of penetration, and mixture formation. This, in turn, requires that the fuel properties 
be optimized, including density, surface tension, kinematic viscosity, and distillation properties. 
However, no study has investigated the physical properties of Bot-oil. In the present paper, the density, 
kinematic viscosity, surface tension, and distillation properties of Bot-oil extracted from the strain BOT-
22 were measured, and these properties were compared with those of standard diesel fuel. 
2. Materials and Methods 
2.1. Algal strains 
The B. braunii BOT-22 strain was isolated from a reservoir in Okinawa Prefecture, Japan by Dr. 
Masayuki Kawachi, the National Institute for Environmental Studies, Tsukuba, Japan. BOT-22 cells were 
grown in a 10 L Carboy (Thermo Fisher Scientific, USA), under continuous fluorescent light (about 300 
2 s 1), with constant aeration (supplemented with 1% CO2), at 25°C, using AF-6 medium 
[11].When the cell concentration reached 2–3 g/L, the culture was transferred into a round-shaped open 
pond with a working volume of 300 L. The polycarbonate pond was illuminated with a 1 kWh metal 
halide lamp for 24 h, aerated and mixed with 1% CO2 at 25°C, in AF-6 medium. 
2.2. Extraction and purification of hydrocarbons 
    Lipids were extracted from a wet biomass harvested at room temperature using CHCl3/MeOH (2:1, 
v/v). The extracts were concentrated under reduced pressure, and non-lipid materials were removed by 
adding one-fifth volume of 0.9% NaCl solution (w/v). After the salting out process, the CHCl3 fraction 
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was concentrated. A silica gel column was prepared with pure CHCl3 solvent, and four bed volumes of 
the CHCl3 fraction of biomass extraction were loaded onto the column. After evaporating the eluate, the 
remaining residue was dissolved with n-hexane. A silica gel column was prepared with pure n-hexane  
 
Table 1. Properties and apparatuses used. 
 
solvent, and four bed volumes of the residue/n-hexane solution were loaded onto the column. The eluate 
was used for botryococcene analysis. 
2.3. Measurement of the algae oil properties 
The apparatuses used for measuring the properties of the oil are shown in Table 1. The density was 
measured using a DA-110 specific gravity meter (Kyoto Electronics Manufacturing Co., Ltd.). The 
surface tension was measured using a Du Nouy surface tension meter No.514- B2H (Ito Seisakusho Co., 
Ltd.). The kinematic viscosity was measured with an Ubbelohde Viscometer, for 20 to 100 mm2 s 1 and 
for 6 to 30 cSt (Shibata Scientific Technology Ltd.). Density, surface tension, and kinetic viscosity were 
measured five times each at room temperature and the mean value of each was taken.  
The chemical composition was determined using a GC-FID: GC-14BPF gas chromatograph 
(Shimadzu Corporation, Detector: FID). A capillary column UA-1 (MS/HT)-30M-0.25F (Shimadzu Good 
Laboratory Component LtD.) was installed in the gas chromatograph. The column temperature operation 
was maintained at 50°C for 3 min, increased at a rate of 15°C /min to 360°C, and held for 6 min. The split 
ratio was 1/11. The test samples were diluted to 1% mass with n-hexane. The volume of sample used was 
The molecular weight was determined using a GC-MS: HP6890/5973 gas chromatograph 
(Agilent Technology Inc.). A capillary column HP-5MS was installed in the gas chromatograph.  
Molecules were ionized by electron impact (EI) and the mass region (m/Z) from 10 to 800 was detected. 
The column temperature was maintained at 40°C for 1 min, increased at 10°C/min to 320°C, and held for 
11 min. The split ratio was 1/30. The test samples were diluted to 0.1% mass in chloroform. The volume 
of sample used wa The presence of N and/or O atoms in the oil were determined using GC-
TOFMS; GCT gas chromatograph (Micromass Inc.). A capillary column DB-5MS was installed in the 
gas chromatograph.  Field ionization (FI) was used to ionize the molecules, and the mass region (m/Z)
from 10 to 600 was detected. The column temperature was maintained at 40°C for 1 min, increased at  
10°C/min to 320°C, and held for 11 min. The split ratio was 1/30. The test samples were diluted to 0.1% 
Properties Apparatuses used (manufacture company) 
Density 
DA-110 specific gravity meter  
(Kyoto Electronics Manufacturing Co., Ltd.) 
Surface Tension 
Du Nouy surface tension meter No.514- B2H 
 (Ito Seisakusho Co., Ltd.) 
Kinematic Viscosity 
Ubbelohde Viscometer 
 (Shibata Scientific Technology Ltd.) 
Chemical Composition 
GC-FID: GC-14BPF gas chromatograph 
 (Shimadzu Corporation) 
Molecular Weight 
GC-MS: HP6890/5973 gas chromatograph 
 (Agilent Technology Inc.) 
N, O Atoms GC-TOFMS; GCT gas chromatograph (Micromass Inc.) 
Molecular Configuration JNM-ECA500 Superconducting Fourier Transform Nuclear Magnetic Resonance device (JEOL Ltd.) 
Distillation Property Original (based on the JIS K2254 and can measure using a mass of about 3.5 g) 
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mass with chloroform. The volume of sample used 
confirm the molecular weight, which was first determined by the method described above. The molecular 
structure was analyzed with a JNM-ECA500 Superconducting Fourier Transform Nuclear Magnetic  
 
 
 
 
 
 
 
 
 
Fig. 1.  Molecular structure estimated from 1H-NMR and 13C-NMR. 
 
Resonance device (JEOL Ltd.), using 1H-NMR and 13C-NMR. The distillation properties were measured 
using a distilling apparatus that we constructed. This apparatus was based on the JIS K2254, and requires 
only 3.5 g of sample for the measurement. The temperature elevation rate was 5°C/min, and the range 
was set from 30 to 680°C. The distillation ratio was evaluated by mass rather than by volume. 
3. Results and Discussion 
The molecular structure of Bot-oil from the BOT-22 strain was determined by 1H-NMR and 13C-NMR 
(Fig. 1). The structure obtained completely agrees with that reported by Ishimatsu et al. [12]. All Bot-oils 
extracted from the different experimental lots and those extracted from the S1 lot at different times (S1-1 
and S1-2) consisted of C34H58 and its isomaer, as well as C33H56 (Fig. 2). The main component was 
C34H58 with a purity of 95% (Fig. 3). It was confirmed by GC-TOFMS that neither N nor O atoms are 
present. The lack of oxygen majority contributes to the refinement of this oil into a current standard fuel 
because a reduction reaction or hydrogen addition is not required. Thus, the amount of energy required to 
refine the oil into a current standard fuel will be minimal. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Signals from GC-FID of Bot-oil samples, S1 and S2, were gathered from different experimental lots. 
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Fig. 3. Components of Bot-oil: S1 and S2 were gathered from different experimental lots, and S1-1 and S1-2 were extracted at 
different times from the same lot. 
 
Table 2. Comparison of fuel properties at room temperature. 
25  Bot-oil Diesel Fuel IFO 380* 
Density [g/cm3] 0.835 0.826 0.983 
Surface Tension [x 10-3N/m] 29.7 28.2 32.0 
Kinematic Viscosity [cSt] 58.2 3.7 1940 
*Class C Heavy Oil: values from AVL FIRE V8.5 [12] 
 
Table 3. Comparison of densities and kinematic viscosities of Bot-oil and diesel fuel at room temperature. 
 S1 (25 ) S2 (23 ) Diesel fuel (25 ) 
Density [g/cm3] 0.835 0.847 0.826 
Kinematic Viscosity [cSt] 58.1 54.8 3.7 
 
 
The fuels examined were Bot-oil, diesel fuel, and IFO380 heavy oil, and their properties at room 
temperature are shown in Table 2. The values of IFO 380 are referred from AVL FIRE V8.5 [12]. The 
density and surface tension of Bot-oil are almost the same as the diesel fuel but considerably different 
from IFO380 heavy oil. The significantly higher viscosity of Bot-oil compared with that of the diesel fuel 
is attributed to the high molecular weight (34 carbon atoms) and numerous double bonds in Bot-oil (Fig. 
1). Even though it can be classified as a heavy oil, Bot-oil has a viscosity that is considerably lower than 
that of IFO380. 
Table 3 shows that at room temperature, the kinematic viscosities were almost the same (55 to 58 cSt) 
between the different samples of Bot-oils (S1 and S2). However, these values are approximately 16 times 
higher than that of the diesel fuel and 33 times lower than that of heavy oil (Tables 2 and 3). Table 4 lists  
the kinematic viscosities of three heavy oils and Bot-oil at 50°C. The value for Bot-oil is 20 cSt, which is 
similar to that for a Class B heavy oil [13]. 
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Table  4. Comparison of kinematic viscosities of heavy oils at 50°C. 
 Kinematic Viscosity [cSt] 
Class A 2.5  3.5* 
Class B 15  30* 
Class C 100  500* 
Bot-oil 20 
*Values from The Japan Petroleum Institute [13] 
 
Figure 4 shows the distillation properties. The horizontal axis represents the mass ratio of the 
evaporated fuel. We first used n-decane (C12) and cetane (C16) to examine whether the distillation 
properties could be measured using only a small amount of oil. We were able to show that both 
hydrocarbons evaporated at their respective boiling points. The measured distillation property of the 
diesel fuel is also shown in the same figure. The 90% distillation point of the diesel fuel is about 340°C, 
corresponding to the JIS regulation. These results indicate that the distillation properties could be 
measured using our distilling apparatus with a small sample size (3.5 g). Upon measuring the distillation 
properties of S1 and S2 for Bot-oil, the properties of the two were found to be almost the same. Bot-oils 
have a distillation temperature over 100°C higher than that of the diesel fuel. We expect  Bot-oil to form a 
mixture slower than the diesel fuel. Furthermore,  Bot-oil is considered to require cracking to the same 
carbon number as the diesel fuel (C23 or less) in order to reduce its high kinematic viscosity and high 
distillation temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Comparison of the distillation properties of various liquid fuels. Bot-oil samples, S1 and S2, were prepared from strain BOT-
22. 
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4. Conclusions
It was confirmed that hydrocarbons produced by the BOT-22 strain of B. braunii contain neither N
nor O atoms. The amount of energy needed to refine Bot-oil into a current standard fuel will be minimal
because there is no need for a reduction reaction and hydrogen addition. However, for Bot-oil to achieve
performance equivalent to the current diesel fuels or gasolines, its kinematic viscosity must be reduced to 
5 cSt or less such that it is equal to that of current fuels. Furthermore, the 90% distilling temperature must 
be reduced to less than 350°C. It is thought that the establishment of a cracking technology for Bot-oil 
will be necessary to attain the required fuel properties.
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